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O-linked glycans mediate apical sorting of human intestinal
sucrase-isomaltase through association with lipid rafts
Marwan Alfalah*, Ralf Jacob*, Ute Preuss*, Klaus-Peter Zimmer†,
Hussein Naim‡ and Hassan Y. Naim*
The plasma membrane of polarised epithelial cells is
characterised by two structurally and functionally
different domains, the apical and basolateral domains.
These domains contain distinct protein and lipid
constituents that are sorted by specific signals to the
correct surface domain [1]. The best characterised apical
sorting signal is that of glycophosphatidylinositol (GPI)
membrane anchors [2], although N-linked glycans on
some secreted proteins [3] and O-linked glycans [4] also
function as apical sorting signals. In the latter cases,
however, the underlying sorting mechanisms remain
obscure. Here, we have analysed the role of
O-glycosylation in the apical sorting of sucrase-
isomaltase (SI), a highly polarised N- and O-glycosylated
intestinal enzyme, and the mechanisms underlying this
process. Inhibition of O-glycosylation by benzyl-N-acetyl-
α-D-galactosaminide (benzyl-GalNAc) was accompanied
by a dramatic shift in the sorting of SI from the apical
membrane to both membranes. The sorting mechanism
of SI involves its association with sphingolipid- and
cholesterol-rich membrane rafts because this
association was eliminated when O-glycosylation was
inhibited by benzyl-GalNAc. The results demonstrate for
the first time that O-linked glycans mediate apical
sorting through association with lipid rafts.
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Results and discussion
Pro-SI was immunoprecipitated from detergent extracts
of cells labelled with [35S]methionine for 6 hours in the
presence or absence of 4 mM benzyl-GalNAc. Control
Caco-2 cells contained both the mannose-rich 210 kDa
intermediate form of pro-SI (pro-SIh) and the complex N-
and O-glycosylated 245 kDa form (pro-SIc) (Figure 1a)
[5]. In the presence of benzyl-GalNAc, a substantial shift
in the size of the complex glycosylated species was
observed, whereas pro-SIh remained unaffected; this third
glycoform was designated pro-SIc/benzyl. To determine
whether O-linked glycans were indeed affected by
benzyl-GalNAc treatment, enzymatic deglycosylations
were performed. Endoglycosidase F/N-glycopeptidase F
(endo F/GF) generates a 205 kDa O-glycosylated protein
from complex glycosylated pro-SIc (Figure 1b) [5]. A
similar band was not found when pro-SIc/benzyl was treated
with endo F/GF but a smaller product was detected
(Figure 1b). This indicates that pro-SIc/benzyl has a sub-
stantially reduced or no O-linked glycans, whereas its
N-glycosylation pattern was not affected by benzyl-
GalNAc treatment. We corroborated this result by treating
pro-SIc and pro-SIc/benzyl glycoforms with neuraminidase,
either alone, or together with galactosidase (Figure 1c).
Neuraminidase generated smaller glycoforms of pro-SIc
and pro-SIc/benzyl, whereas neuraminidase and galactosi-
dase together shifted pro-SIc and pro-SIc/benzyl to the same
apparent molecular weight. The reduced size of pro-
SIc/benzyl is therefore the consequence of inhibited or
impaired O-glycosylation of this glycoform.
We next examined the sorting of pro-SIc/benzyl to gain
insights into the role of O-glycans in this event. For this,
cell-surface immunoprecipitations of pro-SI were per-
formed with Caco-2 cells that were grown on transmem-
brane filters and biosynthetically labelled in the presence
or absence of 4 mM benzyl-GalNAc. In non-treated
Caco-2 cells, pro-SIc appeared after 3 hours and 6 hours
of chase, predominantly at the apical membrane
(Figure 2a,b) [6]. In contrast, in the presence of benzyl-
GalNAc, a significant shift in the sorting of pro-SIc/benzyl
to the basolateral membrane was discerned (Figure 2a,b),
which was due to reduced or inhibited O-glycosylation.
Almost 40% of pro-SIc/benzyl was found at the basolateral
membrane as compared with about 5% of pro-SIc. This
result points to a direct role for O-linked glycans as apical
sorting signals within pro-SI. The data further indicate
that impaired O-glycosylation has no effects on the trans-
port kinetics of pro-SIc/benzyl, because this glycoform
reached the cell surface (apical/basolateral) at the same
time as pro-SIc. O-linked glycans have been proposed to
be involved in sorting of the neurotrophin receptor het-
erologously expressed in MDCK cells [4]. Our findings
are the first, however, to describe a direct role of
O-linked glycans in the sorting of an endogenous glyco-
protein in a polarised cell line. Except for properly
processed O-linked glycan units, no other motifs or
signals contribute to the high fidelity of the apical sorting
of pro-SI. The question arises as to the possible location
of the O-glycan sorting signal within the pro-SI molecule.
Pro-SI has two N- and O-glycosylated species, sucrase
and isomaltase, and it is likely that O-glycan units in both
species participate, perhaps to a variable extent, in the
sorting event. Observations with pro-SI mutants in con-
genital SI deficiency [7], however, suggest that isomal-
tase plays the predominant role in the sorting process of
pro-SI. Isomaltase possesses a potentially O-glycosylated
serine/threonine-rich stalk region that is located in juxta-
position to the membrane [8]. To delineate the role of the
stalk region in the sorting event, a stalk-free pro-SI
mutant was constructed (denoted pro-SI∆SR), expressed in
MDCK cells and its sorting assessed. Figure 2c shows that
the pro-SI∆SR mutant was randomly delivered to both
membranes, demonstrating a direct role of the serine/thre-
onine-rich domain in apical sorting of pro-SI. Evidently,
isomaltase contains adequate sorting information. This
does not, however, fully exclude a possible contribution
of sucrase to the sorting of pro-SI, perhaps by tuning the
sorting fidelity. 
We next sought to elucidate the mechanism by which the
sorting of SI occurs. Glycolipid anchors contain one type
of signal for sorting proteins to the apical surface of epithe-
lial cells, or to the axon of neurons [2]. The sorting mecha-
nism implicates association of these anchors with
detergent-insoluble membrane microdomains enriched in
glycosphingolipids and cholesterol, known as lipid rafts
[9,10]. Although initially observed with GPI-anchored pro-
teins, this sorting mechanism also appears to occur with
proteins that possess a transmembrane domain. Localisa-
tion of pro-SI to membrane microdomains has been mor-
phologically demonstrated in Caco-2 cells [11]. Here, we
investigated the association of pro-SI with lipid rafts, the
implication of these structures in apical sorting of pro-SI,
and the possible role of O-linked glycans in these events.
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Effect of benzyl-GalNAc on the O-glycosylation of intestinal SI. (a) Pro-
SI was immunoprecipitated from Caco-2 cells biosynthetically labelled
in the absence (control) or presence of benzyl-GalNAc (benzyl) and
analysed by SDS–PAGE. (b) A similar experiment as that described in
(a) was performed except that, following immunoprecipitation, the
protein was either treated with endo F/GF or left untreated (control).
(c) Caco-2 cells were labelled with [35S]methionine in the presence or
absence of 4 mM benzyl-GalNAc for 1 h and chased with unlabelled
medium for 10 h to enrich for mature forms of pro-SIc and pro-SIc/benzyl.
These forms were immunoprecipitated and treated or not treated with
neuraminidase (Neur) or with neuraminidase and galactosidase (Neur
+ Gal) and then subjected to SDS–PAGE.
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Implication of O-linked glycans in the sorting of pro-SI. (a) Cell-
surface immunoprecipitation of pro-SI from the apical (A) or
basolateral (B) membranes was performed with Caco-2 cells that
were grown on transmembrane filters and subjected to pulse–chase
labelling for the indicated times in the presence or absence of benzyl-
GalNAc. (b) Quantitation of the proportions of pro-SI appearing at the
apical and basolateral membranes in the presence or absence of
benzyl-GalNAc. (c) Analysis of the role of the serine/threonine-rich
stalk region of pro-SI in its apical sorting. A version of the cDNA
encoding pro-SI lacking the stalk region (pro-SI∆SR) was stably
expressed in MDCK cells. Cell-surface immunoprecipitation of pro-SI
from the apical or basolateral membranes and SDS–PAGE were then
performed as described above.
To assess the specific association of pro-SIc with
microdomains we performed pulse-labelling experiments
with Caco-2 cells in the presence or absence of 10 µM
fumonisin, an inhibitor of sphingolipid synthesis [12]. Cells
were solubilised with 1% Triton X-100 and the super-
natants and pellets were further processed for immunopre-
cipitation. After 1 hour of pulse, mannose-rich pro-SIh was
found exclusively in the supernatant (Figure 3a). Within 4
hours of pulse, complex pro-SIc, in addition to pro-SIh,
appeared in the supernatant fraction, although the insolu-
ble pellet contained exclusively pro-SIc (Figure 3a). At this
stage, almost 35% of the pro-SIc was found associated with
the detergent-insoluble pellet (Figure 3b). When pro-SIc
was chased for 6 hours, at which time a large proportion of
it reaches the cell surface [5], only about 12% was present
in the insoluble pellet (Figure 3a,b), indicating a temporal
association of pro-SIc with microdomains. The results indi-
cate that pro-SIc associates with lipid rafts before transport
to the cell surface and that this association occurs after pro-
SI has exited the endoplasmic reticulum and passed
through the Golgi apparatus. To exclude the possibility
that the detergent-insolubility of pro-SIc was due to its
interactions with the cytoskeleton, we examined the 
association of pro-SIc with lipid rafts in sucrose gradients
[13] of Triton X-100 detergent extracts of Caco-2 cells that
had been continuously labelled for 4 hours with
[35S]methionine. Figure 3c demonstrates that pro-SIc, but
not pro-SIh, was found at low buoyant density in the float-
ing fraction of the gradient, which is characteristic of the
location of detergent-insoluble lipid rafts. Pro-SIc, as well
as pro-SIh, was also found in higher-density fractions, indi-
cating a temporal association of pro-SIc with microdomains
along the secretory pathway. In the presence of fumonisin,
no pro-SIc species were recovered in the detergent-insolu-
ble pellet fraction (Figure 3d), demonstrating that inhibi-
tion of sphingolipid synthesis has dramatic effects on the
association of pro-SIc with lipid rafts. On the other hand,
pro-SIh, as well as pro-SIc, was identified in the soluble
fraction of detergent extracts of fumonisin-treated cells,
indicating that the drug had no effects on the biosynthesis
and processing of pro-SI glycoforms. 
To determine whether the different detergent extractabil-
ity of pro-SIc is associated with variations in its polarised
sorting, Caco-2 cells grown on transmembrane filters were
pulsed and chased in the presence or absence of 10 µM
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Figure 3
Apical sorting of pro-SI involves its association
with lipid rafts through O-linked glycans.
(a) Pro-SI was immunoprecipitated from the
detergent-soluble (S) and detergent-insoluble
pellet (P) fractions of Triton-X-100-solubilised,
labelled Caco-2 cells. (b) Quantitation of the
proportions of complex glycosylated pro-SIc in
the supernatants and pellets of Triton-X-100-
solubilised Caco-2 cells at the indicated times
after chase. (c) Sucrose gradient
centrifugation of Triton-X-100-solubilised
Caco-2 cells. Microdomains were prepared by
loading the detergent extracts of Caco-2 cells
that were labelled for 4 h on a 5% to 35%
sucrose gradient as described [13]. Pro-SI
was immunoprecipitated from the individual
gradient fractions. (d) Pro-SI was
immunoprecipitated from the supernatant (S)
or pellet (P) fractions of Triton-X-100-
solubilized Caco-2 cells that were
biosynthetically labelled in the presence of
either fumonisin or benzyl-GalNAc (benzyl).
(e) Cell-surface immunoprecipitation of pro-SI
from apical (A) and basolateral (B) membranes
was performed with Caco-2 cells that were
subjected to a pulse-chase protocol in the
presence of fumonisin. (f) Quantitation of the
proportions of pro-SI appearing at the apical
and basolateral membranes of Caco-2 cells
subjected to chases of the indicated times in
the presence of fumonisin. (g) Cell-surface
immunoprecipitation of LPH from apical and
basolateral membranes of cells labelled in the
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fumonisin. Cell-surface immunoprecipitation of pro-SIc
from the apical or basolateral membranes revealed a
drastic reduction in the proportion of pro-SIc at the apical
membrane to about 60% and an increase at the basolateral
membrane to around 40%. This result points to a sorting
of pro-SIc by default when its association with lipid rafts
has been disrupted (Figure 3e,f). As a control, we investi-
gated the sorting of pro-LPH, an apically sorted protein
not associated with lipid rafts [14,15]. Pro-LPH expressed
in MDCK rather than Caco-2 cells was used, because the
sorting pathways of pro-LPH in MDCK and Caco-2 cells
are similar [15] and the expression level of endogenous
pro-LPH in Caco-2 cells is low. In the presence or absence
of fumonisin, no change in the polarity of pro-LPH was
observed (Figure 3g). The effect of fumonisin is therefore
restricted to proteins that are associated with lipid rafts. 
Our results point to a direct involvement of O-linked
glycans in the association of pro-SI with lipid rafts, which
in turn constitute the driving mechanism for an efficient
apical sorting of pro-SI. Furthermore, pro-SIc/benzyl could
not be detected in the pellet of Triton-X-100-lysed Caco-2
cells that were biosynthetically labelled in the presence of
benzyl-GalNAc. In fact, this glycoform was retained exclu-
sively in the supernatant of the detergent extracts.
In essence, the data demonstrate that the sorting of pro-SI
occurs through its association with lipid rafts. This associa-
tion implicates O-linked glycans, the modification of
which by benzyl-GalNAc results in a completely deter-
gent-soluble glycoform, pro-SIc/benzyl. Importantly, disrup-
tion of the lipid rafts alters the sorting behaviour of pro-SI
from being highly polarised to randomly delivered to
either membrane. This is the first evidence of a relation-
ship occurring between the glycosylation pattern of an
apical protein and its association with lipid rafts. Although
the sites and mode of action of fumonisin and benzyl-
GalNAc are different, there is a synergy in their effects
with respect to detergent extractability and sorting of pro-
SI. It is evident that apical sorting of pro-SI involves its
association with lipid rafts through O-linked glycans. This
association may occur through the binding of O-linked
glycans of pro-SI, and probably the sugar moiety of a GPI
anchor, to a common sorting protein in the trans-Golgi
network, most likely a lectin-like protein. A possible can-
didate is VIP36 [16], a member of the leguminous-lectin-
like protein family whose members are implicated in
various steps of the secretory pathway.
Supplementary material
Additional discussion is published with this paper on the internet.
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Supplementary discussion
The O-glycosylation of human intestinal sucrase-isomal-
tase was assessed in Caco-2 cells that were biosyntheti-
cally labelled with [35S]methionine for 6 h in the presence
or absence of 4 mM of the inhibitor of O-glycosylation
benzyl-GalNAc. The cells were solubilised with 1%
Triton X-100 in a buffer containing 25 mM Tris–HCl
pH 8.0 and 50 mM NaCl. The debris and nuclei were
removed by centrifugation and the detergent extracts
were processed for immunoprecipitation as described pre-
viously using monoclonal antibody anti-SI [S1], which
recognises native and denatured forms of the protein. The
immunoprecipitates were then subjected to SDS–PAGE
and fluorography (Figure 1a). The role of benzyl-GalNAc
on the O-glycosylation pattern of pro-SI was assessed by
enzymatic deglycosylations with endo F/GF [S1] of pro-SI
immunoprecipitated from cells labelled and further
processed as in Figure 1a. The results of the N-deglycosy-
lation experiments shown in Figure 1b were corroborated
by further enzymatic deglycosylations with neuraminidase
and galactosidase. Here, Caco-2 cells were labelled in the
presence or absence of 4 mM benzyl-GalNAc for 1 h with
[35S]methionine and chased for 10 h to enrich for mature
forms of pro-SIc and pro-SIc/benzyl. These forms were
immunoprecipitated and treated or not treated at 37°C
with 5 mU neuraminidase for 1 h or with 5 mU neu-
raminidase for 1 h followed by 8 mU of galactosidase for
18 h. The samples were finally subjected to SDS–PAGE
(the results are shown in Figure 1c). 
The implication of O-linked glycans in the sorting of pro-
SI was studied in Caco-2 cells that were grown on trans-
membrane filters. Six days after confluence, the cells were
biosynthetically labelled with [35S]methionine for 1 h in
the presence of 4 mM benzyl-GalNAc or in its absence,
followed by a chase-period of 0, 3 or 6 h with non-radiola-
belled methionine. Cell-surface immunoprecipitation of
pro-SI from the apical or basolateral membranes was per-
formed as described previously for lactase-phlorizin hydro-
lase [S2]. The immunoprecipitates were subjected to
SDS–PAGE and fluorography (Figure 2a). Figure 2b
shows the proportions of pro-SI appearing at the apical
and basolateral membranes in the presence or absence of
benzyl-GalNAc, as calculated from densitometric scans of
the fluorogram shown in Figure 2a and those of two other
experiments. The alteration in the sorting behaviour of
pro-SIc/benzyl shown in Figure 2a was not the consequence
of a disrupted sorting machinery in the presence of
benzyl-GalNAc, because the sorting patterns of control
apical glycoproteins, such as intestinal pro-lactase-phlo-
rizin hydrolase (LPH), were not affected. 
The role of the serine/threonine-rich stalk region [S3] in
the sorting event was delineated using a stalk-free pro-SI
mutant (pro-SI∆SR), which was expressed in MDCK cells.
One week after confluence, the cells were biosynthetically
labelled with [35S]methionine for 6 h. Cell-surface
immunoprecipitation of pro-SI from the apical or basolat-
eral membranes and SDS–PAGE was performed as
described above (Figure 2c).
The sorting mechanism of pro-SIc through its association
with lipid rafts [S4,S5] was investigated in Caco-2 cells
that were biosynthetically labelled with [35S]methionine
for 1 h and 4 h, or labelled for 1 h and chased for 6 h. The
cells were solubilised in Triton X-100 and the detergent-
soluble fraction was separated from pelleted, insoluble
proteins by ultracentrifugation. The Triton-X-100-insol-
uble pellet was lysed with 1% SDS by boiling for 5 min
and the lysates were diluted tenfold with a buffer con-
taining 1% Triton X-100, 25 mM Tris–HCl pH 8.0 and
50 mM NaCl. The samples were further processed for
immunoprecipitation with a mixture of monoclonal anti-
SI antibodies that recognize native and denatured forms
of the molecule essentially as described previously [S2].
The results are shown in Figure 3a. The proportions of
complex glycosylated pro-SIc in the supernatants and
pellets were assessed by densitometric scanning of the
fluorogrammes corresponding to three experiments
(Figure 3b). 
The association of pro-SIc with lipid rafts was also exam-
ined in sucrose gradients [S6] to exclude the possibility
that the detergent insolubility is the result of pro-SIc
interacting with the cytoskeleton. The results are
depicted in Figure 3c. Here, Caco-2 cells were biosyn-
thetically labelled with [35S]methionine for 4 h and solu-
bilized as described in Figure 3a. Microdomain
preparation was performed by loading the detergent
extracts on a 5% to 35% sucrose gradient followed by
ultracentrifugation, as described [S6]. The gradient was
fractionated and to each fraction 0.5% sodium deoxy-
cholate was added (final concentration) prior to immuno-
precipitation with monoclonal antibody anti-SI. The
Supplementary material
isolated proteins were finally subjected to SDS–PAGE;
the low density fractions are at the top of the gradient. 
The specific association of pro-SIc with microdomains was
determined on the basis of variations in the detergent
extractability of pro-SIc after inhibition of sphingolipid
synthesis (Figure 3d). For this purpose, we performed
pulse-labelling experiments of Caco-2 cells in the pres-
ence of 10 µM fumonisin, an inhibitor of sphingolipid syn-
thesis [7]. Cells were solubilised with 1% Triton X-100
and ultracentrifuged. The supernatants and pellets were
further processed for immunoprecipitation with mono-
clonal antibody anti-SI and SDS–PAGE. 
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